ABSTRACT: The Darwin coastal wetlands provide suitable breeding conditions for Culex annulirostris, which is abundant between December and August each year. This species is the principal vector for arboviruses, including Ross River virus and Murray Valley encephalitis, and is an appreciable pest species. Aerial control is conducted when routine larval surveys for this species predict high numbers of emergent adults. We sought to determine the most productive vegetation categories and seasonal aspects associated with Cx. annulirostris breeding and control operations in these wetlands. By applying a generalized linear model to compare larval densities and aerial control efforts for each vegetation category, we found that Schoenoplectus reeds were the most productive vegetation type in May and June and were associated with the greatest amount of control required. Other vegetation categories associated with tidal mangroves and lower topographic elevation were also productive during these months for extended periods, while rain-affected reticulate areas and grassland floodplains were most productive in January and April. In addition, areas associated with nutrient rich organic matter appeared to initiate Cx. annulirostris breeding and were highly productive seasonally. This study has highlighted the vegetation categories most significantly associated with Cx. annulirostris breeding in a Darwin wetland. This knowledge can be applied to current control efforts to improve aerial control efficiency for this species and could be applicable in other areas of northern Australia. Journal of Vector Ecology 41 (2): 271-278. 2016.
INTRODUCTION
The Top End of the Northern Territory (NT) has a tropical climate, with an annual average rainfall of above 1,700 mm. The two distinct seasons are the wet season from October to April and the dry season from May to September. However, October and November are defined as the hot and humid 'build up' season with intermittent rainfall, prior to the first monsoonal rains usually occurring in late December (Jacups et al. 2015) . Darwin, the capital city of the NT, is located on the north coast and has an extensive tidally influenced coastal reed and mangrove swamp system bordering some of its northern suburbs. This system includes the Leanyer, Holmes Jungle, Micket Creek, and Shoal Bay swamps, known to contain large numbers of Culex annulirostris (Skuse) between December and August. Culex annulirostris is the principal vector for the Ross River, Barmah Forest, Murray Valley encephalitis and Kunjin viruses in the NT, with these arboviruses having a profound impact on NT residents (Merianos et al. 1992 , Whelan and Burrow 1994 , Jacups et al. 2008 , Russell 2009 ). Therefore, control of Cx. annulirostris during periods of high arbovirus disease risk is paramount to reduce this risk.
Aerial mosquito survey and control operations have been carried out by Medical Entomology of the NT Department of Health in the Leanyer and Holmes Jungle swamps since 1986 (Whelan 2007) . Control operations for Cx. annulirostris larvae are triggered by high adult mosquito numbers close to or exceeding the estimated pest threshold of 600 per trap/ night collected in weekly CO 2 -baited mosquito surveillance traps (EVS traps) set between residential areas and the perimeter of the swamps (Whelan 1989, Rohe and Fall 1997) . Although Cx. annulirostris has a flight range of 10 to 15 km, they are considered a major pest within 3 km of their breeding site (Whelan 1997) . Thus, larval control in the swamps is usually confined to selected breeding sites located within 3 km of the urban boundary in order to reduce the impact of Cx. annulirostris on nearby residents. However, control of the extensive wet season-flooded grassland floodplains in proximity with the Leanyer and Holmes Jungle swamps and breeding areas further afield is not usually deemed practical and cost effective, unless defined areas are evident with higher larval densities.
The aim of this study was to identify the most productive vegetation categories for Cx. annulirostris breeding, as well as seasonal conditions and vegetation categories most associated with aerial control efforts in the Leanyer and Holmes Jungle swamps, Darwin, NT. Determining the most important vegetation categories and timing for larval control will enable operational teams to reduce survey time and enable more cost effective control in the swamps adjacent to the northern Darwin suburbs. This information can be used to implement effective Cx. annulirostris larval control in similar coastal wetlands across northern Australia.
MATERIALS AND METHODS

GIS analyses -mosquito survey and control data
A total of 120 aerial Cx. annulirostris larval mosquito surveys and 123 aerial control operations was conducted in the Leanyer and Holmes Jungle coastal swamps between July, 2001 and June, 2007 (Figure 1 ). The number of control operations slightly exceeded the number of surveys, due to repeated control in areas with high Cx. annulirostris larval densities without additional surveys. Larval survey methods were as described in Jacups et al. (2009) , using a larval dipper to determine the average Cx. annulirostris larval density for each vegetation category. Surveys by vegetation category, as presented in Table 1 , indicate some categories were surveyed multiple times. Mosquito larvae collected during the surveys were formally identified to species level using taxonomic keys (Lee 1944 , Marks 1967 , Marks 1970 at the Medical Entomology laboratory. Aerial larval surveys were triggered by Cx. annulirostris numbers close to or exceeding the previously determined pest threshold of 600 per trap/night collected in weekly CO 2 -baited adult mosquito surveillance traps set along the western perimeter of the swamps (Whelan 1997, Jacups and Whelan 2012) . Vegetation categories closest to the traps with high trap catches were targeted during the larval survey, with control carried out in areas with 3 rd and 4 th instar average larval densities ≥1 larvae per ladle dip in five to ten dips, indicating practical control thresholds and limited larval predation (P.I. Whelan, personal communication 2001) . The aerial larval survey and control data collected between July, 2001 and June, 2007 were included in the analyses to determine the vegetation categories most associated with Cx. annulirostris breeding and control efforts. To achieve this, the Leanyer and Holmes Jungle swamps were divided into discernible vegetation categories, as previously described in Jacups et al. (2009) and Kurucz et al. (2009) (Figure 2) , with each category mapped as a feature theme using ArcGIS 3.2. Vegetation categories, the total area in hectares for each category, and the number of times control was carried out in each category are presented in Table 4 . Aerial controls were then recorded for each vegetation category and also mapped as feature themes. The area of each vegetation category controlled for Cx. annulirostris breeding was calculated by intersecting each vegetation category with the control feature. Although limited ground control was conducted during the study period, as the data was not available for mapping using software ArcGIS, they could not be included in the analyses.
Data analyses-vector density and control
Average Cx. annulirostris larval densities were cumulatively collated over the study period for each vegetation category and were compared with 'mudflat' as the reference category due to its low historical association with Cx. annulirostris. Similarly, November was selected as the reference month to determine the month with highest larval densities for all vegetation categories combined. A generalized linear model (GLM) with negative binomial distribution and log link was applied to the larval density data, with Incidence Rate Ratios (RR) rather than coefficients presented for ease of comparison between categories. These outcome measures represent the magnitude of larval density per vegetation category or month compared with the reference category or month. The mean number of Cx. annulirostris larvae per month was also calculated for each vegetation category.
Larval control efforts during the study period were determined as described in Kurucz et al. (2009) , with total areas controlled over the study period cumulatively collated for each vegetation category. Control efforts for each vegetation category were then statistically compared as a proportion, independent of the total area each category represented. Again, a GLM using a binomial distribution with logit link was applied to the aerial control data. The vegetation category 'mudflat' least associated with Cx. annulirostris larval abundance was used as the reference category. For ease of comparison between vegetation categories, we reported Odds Ratios (OR) rather than coefficients. All statistical analyses were performed using Intercooled Stata 10.0 (Stata Mudflat-reference category 
RESULTS
Larval densities
When investigating vegetation categories, independent of months, except for the drainage area, dune/interdune depressions, and lower mangroves (p>0.05), all vegetation categories had significantly higher (p<0.05) Cx. annulirostris larval densities when compared to the reference category 'mudflat' ( Table 1) . The Schoenoplectus vegetation produced the highest larval densities (RR=41.21), followed by the sanitary landfill (RR=26.91) and the sewage treatment area (RR=23.23).
Culex annulirostris larval density results by month, with all vegetation categories combined, indicated that larval densities were significantly higher (P<0.05) in all months except July and October when compared to the reference month November (Table 2) . Highest larval densities occurred in June, September, May, August, and March (RR=17.29, RR=15.99, RR=13.52, RR=12.26, RR=9.67, respectively). However, results for September were skewed due to very limited surveys carried out, and high larval densities found on one occasion in the sewage treatment area (Table 3) .
Results for mean larval densities for each vegetation type per month are presented in Table 3 , indicating highest mean larval densities (>20 per ladle dip) in December/January and May/June. Relatively high mean larval densities were also recorded in the rain-affected reticulate vegetation category in April (RR= 90.09), and the sanitary landfill area in February (RR=52.65) and March (RR=191.85).
Vector control
Results of the larval control efforts as reported by the binomial model adjusted for the total area for each vegetation category are presented in 
DISCUSSION
Our study demonstrates that following the first monsoonal rains in late December, the Leanyer and Holmes Jungle swamps provided an extensive larval habitat for Cx. annulirostris until August. The Schoenoplectus reeds had the highest Cx. annulirostris larval densities and required the greatest area of control, with highest larval densities recorded in May/June. The Typha and Eleocharis reeds also required extensive control, but had lower larval densities when compared to Schoenoplectus, with high larval productivity extending into August. These three vegetation categories connect as a vegetation progression from the lower tidal areas of the swamp, with decreasing elevation towards the Typha reeds. Following the first monsoonal rains, fish and other aquatic mosquito larval predators begin to recolonize the swamps and increase to remain relatively high, resulting in low larval densities until the vegetation starts to dry and lodge, usually around May to June ), leading to limited predator access and subsequent high density breeding (DeLittle et al. 2009 ). Due to the lower topography, the Eleocharis and Typha vegetation categories remain inundated for longer, extending mosquito productivity into August (P.I. Whelan unpublished data 2008 , De Little et al. 2009 ).
Our results further indicate that the rain-affected reticulate vegetation, predominantly comprised of the salt water couch Sporobolus virginicus and the marsh grass Xerochloa imberbis, required extensive mosquito control in January and April. The reticulates consist of a non-draining network of isolated pools with limited predator access following the first heavy rains, until seasonally inundated, and again when the shallow pools progressively dry, resulting in high larval densities. The same applies to depressions within the extensive grassland floodplains, which can also become productive breeding sites for Cx. annulirostris during the same time period. Although the tide-affected reticulates were only borderline significant for larval densities, productive breeding still occurred in January, with some control required due to the close proximity to urban areas.
The sanitary landfill area, located adjacent to the swamp system, and vegetation categories receiving run-off from the landfill, such as the Pandanus low woodland and parts of the grassland floodplains, also required extensive control efforts. Standing water and run-off from sanitary landfill areas are usually high in organic matter, and favorable for high Cx. annulirostris density breeding, as indicated in our results. Very high larval productivity was detected after heavy rainfall in December, making the sanitary landfill the first very productive breeding site of the season, with continuous high larval densities until the area became dry from April onwards.
As shown in our study, sewage treatment areas, also high in organic matter, can become productive breeding sites, as previously discussed by Whelan (1981 Whelan ( , 1984 . High larval densities were found among the vegetated edges of ponds in January, but also in September, suggesting that breeding can possibly occur at any time in the absence of appropriate pond management. Similarly, vegetation categories in close association with sewage treatment plants can also become productive mosquito sites, as indicated in our study where open woodland, part of which is adjacent to the sewage treatment area, received high nutrients from sludge deposits at the edges of the sewage treatment area. Open woodland is not usually a source of Cx. annulirostris.
When considering Cx. annulirostris larval control in the Darwin coastal swamp, there are a number of factors to consider. As shown, the Schoenoplectus reeds are a relatively small but highly productive breeding site, with breeding most likely having a profound impact on nearby residents. In comparison, the same size area of Typha reeds is less productive, and thus more likely to have a reduced impact. Other vegetation categories, such as the rainaffected reticulates and grassland floodplains are relatively productive at certain times of the year but are also extensive in size. Thus, the area size and productivity of specific vegetation categories, and their proximity to urban areas, are important aspects to consider when making decisions on control requirements and associated costs. While smaller but highly productive vegetation categories relatively close to urban areas can be controlled repeatedly to reduce disease incidence and mosquito pest levels, it might only be feasible and cost effective to control the more extensive vegetation categories during high arbovirus risk periods, when virus surveillance programs indicate high virus activity. However, annual climate variation should be taken into account, as timing of larval productivity within vegetation categories and subsequent control requirements might vary between years, depending on the onset and intensity of the monsoonal rains.
One limitation of this study is the lack of sampling rigor across all vegetation categories during each survey, with primarily vegetation categories surveyed in close proximity to routine adult surveillance traps with high Cx. annulirostris numbers. However, we believe that a sufficient number of surveys were conducted over the study period to provide an indication of larval breeding productivity for each vegetation category. Although the survey and control data was collected between 2001 and 2007, the findings are still relevant for current control efforts, as the results indicate mosquito larval productivity for specific vegetation categories, with those categories remaining largely unchanged to date. However, possible vegetation and subsequent changes in larval productivity should be monitored over time to allow for control programs to be adjusted accordingly.
In summary, our results indicate that in December and January, high larval densities occur in areas of high organic matter, and possibly in adjacent vegetation categories receiving high nutrient 'run off ' from these areas. Rainaffected reticulates can also require extensive control following the first monsoonal rains until fully inundated, and again when the area begin to dry and larval predation is limited. In addition, in May/June Schoenoplectus, Eleocharis, and Typha reeds associated with tidal mangroves are very productive breeding sites, with areas of lower elevation being inundated for longer periods, resulting in extended productivity well into August. However, to limit the impact of mosquitoes on human health and to minimize disease incidence through cost effective control, the size and productivity of vegetation categories needs to be taken into account, as well as virus activity during the high risk periods, timing of control, and proximity of breeding sites to urban areas. The findings from this study can be applied to similar wetlands in northern Australia, where aerial control programs might be required.
